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Introduction
Heterogeneous photocatalysis using semiconductor metal oxide materials has attracted enormous amount of research interest since the first electrochemical cell for water splitting was reported by Fujishima and Honda [1] . Semiconductors like Bi 12 TiO 20 [2] , Nb 2 O 5 [3] , Sm 2 Ti 2 S 2 O 5 [4] , Bi 2 O 3 [5] , ZnWO 4 [6] , Bi 2 WO 6 [7] , NaTaO 3 [8] , CaIn 2 O 4 [9] , WO 3 [10] , TiO 2 [11], Fe 2 O 3 [12] , ZnO [13] , etc, finds extensive application either in water splitting/degradation of organic compounds. Among the various semiconductors, TiO 2 is extensively used photocatalyst due to its chemical and biological inertness, water insolubility, non-toxicity, resistance against photo-chemical corrosion and its cheap availability. TiO 2 is very important multifunctional material because of its peculiar and fascinating physicochemical-optical properties and wide variety of potential uses in diverse fields such as solar energy conversion, conventional purification and wastewater treatment. The band gap excitation of TiO 2 by suitable light energy generates charge carrier pairs with robust redox properties that may recombine, become trapped in metastable surface state or react with electron acceptors/donors adsorbed on the surface of the photocatalyst. However, the high degree of recombination between photogenerated charge carriers in TiO 2 and also its large band gap limits its overall photocatalytic efficiency. An intense research has been devoted in recent years to lower the threshold excitation energy in order to utilize large fraction of solar light with high efficiency by several methods which mainly includes metal ion doping [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , non metal ion doping [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , surface sensitization of TiO 2 by dyes [36] [37] [38] and metal complexes [39, 40] , coupling with narrow band gap semiconductor [41, 42] and depositing noble metal on the TiO 2 surface [43, 44] .
The transition metal ion doping in the titania matrix, changes the local electronic structure and induces the visible light absorption usually by introducing localized electronic states within the band gap and it also creates different surface structure that can intrinsically alter the surface transfer of charge carriers and hence the photocatalytic activity [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Despite the intensified research on metal ion doped TiO 2 , no unifying decision has been made so far, since wide variety of experimental conditions applied for photocatalyst preparation and different substrates chosen to study their activity. For instance, Nagaveni et al. reported the doping of metal ions like W, Fe, Ce, V, Cu and Zr into TiO 2 lattice was not beneficial for the degradation of 4-chlorophenol [45] , while some groups claims the enhanced activity for the same dopants under different experimental reaction conditions. Herrmann et al. reported that the recombination rate of electron-hole pair increases for chromium doped TiO 2 [46] , while Wilke and Breuer suggested the correlation between the lifetime of charge carriers and the photocatalytic activity for TiO 2 doped with Cr 3+ and Mo 5+ ions [47] . TiO 2 doped with Mo and V ions exhibited significantly reduced photoactivity [48] , although Gratzel and Howe suggested an inhibition of electron-pair recombination with these dopants based on EPR data [49] . Mu et al. reported that doping TiO 2 with trivalent or pentavalent metal ions was detrimental to the photocatalytic reactivity [50] , while Karakitsou and Verykios showed that doping with hypervalent cations enhanced the activity [51] . A comparison among the results reported in the literature for the photocatalytic activity of doped titanates obtained from various preparations is not very easy because the experimental conditions under which the runs are carried out and the preparation methods of the photocatalysts are usually different. As a matter of fact, the different synthetic procedures used each time to synthesize metal ion doped titania and the different types of pollutants used for photodegradation studies create a varying set of data that can frequently become controversial! Choi et al. systematically studied the effect of doping different metal ions into Q-TiO 2 matrix for chloroform oxidation and carbon tetrachloride reduction. The higher activity for Fe 3+ doped titania compared to other metal ion doped samples was attributed to unique stable half filled electronic structure of Fe 3+ ion which was predicted to serve as shallow traps for the charge carriers [15] . Xu et al. also reported the enhanced activity of Gd 3+ doped TiO 2 for the decomposition of nitrate compared to other rare earth doped samples due to the stable half filled electronic configuration of Gd 3+ ion [52] . Similar reports are also available in the literature claiming the enhanced activity of the doped titania with dopant having half filled electronic configuration compared to other dopants possessing different electronic configuration [53, 54] . Hence to probe the enhanced activity of metal ion doped TiO 2 with dopant being in half filled electronic structure is either universal or not? herewith we investigate the photocatalytic activities of TiO 2 doped with metal ions Mn 2+ , Fe 3+ , Ru 3+ , and Os 3+ ions having stable half filled electronic configuration. For comparison, other dopants like V 5+ , Ni 2+ and Zn 2+ having vacant, partially and completely filled electronic configuration is also chosen to correlate the different electronic structure of various dopants influencing the photocatalytic activity of doped samples. The research work presents data, which are analyzed in the spirit of the above introduction and focuses in the rationalization of various physicochemical-electronic properties affecting the photocatalytic activity of transition metal ion doped titanates. The degradation of indigo carmine (IC) and 4-nitrophenol (NP) was chosen as model reaction under UV/solar light to evaluate the photocatalytic efficiency of the prepared photocatalysts.
Experimental

Preparation of photocatalysts
Polycrystalline anatase TiO 2 was synthesized by sol-gel route through the hydrolysis of titanium tetrachloride [55] . 25 ml of diluted TiCl 4 with 1 ml concentrated H 2 SO 4 is taken in a beaker and diluted to 1000 ml. The pH of the solution was maintained at 7-8 by adding liquor ammonia. The gel obtained was allowed to settle down. The precipitate is washed free of chloride and ammonium ions. The gelatinous precipitate is filtered and oven dried at 100 • C. The finely ground powder was then calcined at 550 • C for 4.5 h. For the preparation of metal ion doped TiO 2 (M n+ -TiO 2 ), a known concentration of the metal ion solution was added to calculated amount of TiO 2 to get the dopant concentration in the range of 0.02-0.1 at.%. The obtained powder is ground in a mortar and oven dried at 120 • C for 1 h. The process is repeated for 3-4 times and the powder is finally calcined at 550 • C for 4.5 h [56-57].
Characterization
The crystallite phase of the sample and variation of lattice parameter upon doping with metal ions weredetermined by PXRD measurements using Philips powder diffractometer PW/1050/70/76 with Cu K␣ radiation. The average crystallite size (D) was calculated using Scherer's eq.: D = k /ˇcos Â, where k is the shape factor (∼0.9), is the X-ray wavelength (0.15418 nm), is the full width at half maximum (FWHM) of the diffraction line and Â is the diffraction angle. The specific surface area of the powders were measured by dynamic Brunner-Emmet-Teller (BET) method in which N 2 gas was adsorbed at 77 K using Digisorb 2006 surface area, pore volume analyzer Nova Quanta Chrome corporation instrument multipoint BET adsorption system. The diffuse reflectance spectra (DRS) of the photocatalyst sample in the wavelength range of 200-700 nm were obtained by a UV-vis scanning spectrophotometer (31031 PC UV-vis-NIR instrument) using BaSO 4 as reference standard. The band gaps of photocatalysts were calculated by using Kubelka-Munk plot. The decrease in the concentration of IC/NP was quantified by UV-vis spectrophotometer using Shimadzu UV-1700 Pharmaspec UV-vis spectrophotometer.
Estimation of photocatalytic activity
The reactor configuration used for the degradation of organic pollutant is shown in Fig. 1 . The photocatalytic degradation of IC/NP was performed with 300 mg of the photocatalyst suspended in optimized concentration of substrate in 250 mL aqueous solution under UV/solar light irradiation. Prior to photocatalytic reactions, the suspension was magnetically stirred in dark for 30 min to ensure adsorption equilibrium of substrate on the photocatalyst surface. Sample aliquots were withdrawn from the reactor at a specific time interval during the illumination and filtered to remove the photocatalyst particles. Duplicate or triplicate photocatalytic degradation experiments were carried out under each experimental condition to confirm the reproducibility. Artificial light source employed in the study is 125 W medium pressure mercury vapor lamp whose emission wavelength falls in the region 350-400 nm, with maximum emission at 370 nm. Natural solar light in the summer season was used in the study to investigate visible light activity of photocatalysts. Experiments under solar light were carried out between 12 noon and 2 pm at which fluctuation in the solar intensity was minimal. The latitudes and longitudes are 12.58 N and 77.38 E respectively. The average intensity of the sunlight is found to be around 1200 W m −2 using radiometer [56] [57] . All the experiments were performed using double distilled water in the presence of atmospheric oxygen.
Results and discussion
PXRD studies
The reflections for all the doped samples were indexed to anatase phase (Fig. 2) , excluding Mn 2+ -TiO 2 which showed mixed phases of anatase and rutile (Fig. 3) . The rutile fraction in the sample was calculated using the Spurr and Meyer's Eqs. (1a) and (1b) [58] 
where X A and X R is the mass fraction of anatase and rutile respectively, I A and I R were the X-ray integrated intensities corresponding to the (1 0 1) diffraction plane of anatase and (1 1 0) of rutile phase, respectively. The influence of dopant on the phase transformation can be well explained considering the nature of defects i.e., interstitial titanium and oxygen vacancies created in TiO 2 . With respect to cationic impurities, the substitution of lower valent dopant ion compared to the host Ti 4+ accelerates the phase transformation from anatase to rutile due to the formation of oxygen vacancies that enhances the transport of atoms within the anatase structure. On the other hand, the incorporation of higher valent dopant ion reatards the phase transformation for the formation of Ti 3+ ion that suppress the atomic transport in the anatase structure [59] .
The ionic radii of the dopants Fe 3+ (0.64Å), Ru 3+ (0.69Å), Os 3+ (0.73Å), V 5+ (0.59Å), Ni 2+ (0.72Å), Zn 2+ (0.74Å) were almost similar to that of host Ti 4+ (0.68Å) ions. From the view point of radius matching, it is possible for these metal ion dopants to substitute Ti 4+ ion in TiO 2 lattice easily without distorting the crystal structure of pristine TiO 2 over a range of dopant concentration [15] . The higher ionic size of Mn 2+ (0.80Å) produces a localized charge distortion inducing oxygen vacancies which favors bond rupture, solid state ionic rearrangement and structure reorganization for rutile nucleation [60] . It is generally believed that oxygen vacancies induced in the anatase TiO 2 lattice promote the transport of atoms within the anatase structure resulting in rutile nucleation. At a dopant concentration of 0.06 at.%, the photocatalyst exhibited higher anatase:rutile ratio of 90:10, while at higher dopant concentration of 0.1 at.%, the sample showed higher rutile:anatase ratio of 52:48 ( Table 1 ). The increase in the rutile fraction for Mn 2+ -TiO 2 samples with simultaneous decrease in crystallite size provides a consistent evidence for the existence of crystallite size effect on anatase-rutile phase transformation. The smaller crystallite size will be associated with imperfect lattice defects at the surface. This imperfect surface may enhance the atomic diffusion and the small particle size may shorten the necessary atomic diffusion length for the phase transition. The higher rutile content for Mn 2+ (0.1 at.%)-TiO 2 , is mainly due to its smaller crystallite size which is believed to contain the high density of surface defects on the anatase crystallite. Thus the high concentration of nucleation sites for the polymorphic phase transition from anatase to rutile exists at particle-particle interfaces in comparison to bulk materials. Furthermore, the atoms in the defect sites have higher energy than those in the main lattice and can favorably act as nucleation sites for the rutile phase formation at the surface of anatase crystallites. The anatase to rutile phase transformation is generally considered as a nucleation growth during which the rutile nuclei are formed within the anatase phase. The anatase-rutile transformation is believed to be spontaneous because the free energy of rutile is always lower than that of anatase, but it is kinetically unfavorable at low temperature. Thus it can be concluded that activation energy barrier for phase transformation is significantly reduced due to the inclusion of Mn 2+ in TiO 2 matrix which is in accordance with previous literature [61] .
The variation in the lattice parameters were reflected in the elongation of 'c' axis, with a (=b) remaining almost constant for all the doped samples [57] . Since only 'c' dimension is changing while 'a (=b)' remains almost constant for the range of dopant concentration, it can be concluded that dopant M n+ (M n+ = Mn 2+ , Fe 3+ , Ru 3+ , Os 3+ , V 5+ , Ni 2+ , Zn 2+ ) substitutes Ti 4+ lattice sites preferentially on the bcc and fcc in the anatase structure [62] . Mn 2+ -TiO 2 samples shows slight thermal expansion in the lattice structure due to the higher ionic size of Mn 2+ compared to the host Ti 4+ ion. Hence substitution of Mn 2+ at Ti 4+ lattice sites might induce some structural defects, such as oxygen vacancies mainly on the surface a The dopant concentration is in atom% in Tables 1-3. to partially compensate the lattice strain [63a] . Thus the imperfect surface in Mn 2+ -TiO 2 may enhance atomic diffusion and favors rutile nucleation. The surface areas of all the doped samples were higher than undoped titania due to the introduction of additional nucleation sites by the dopants and also due to its smaller crystallite size (Table 1) . Thus the change in the surface area, crystallite size and variation in the lattice parameters observed for all the doped samples confirms the possible substitution of dopants in Ti 4+ lattice sites [56, 57, 61] . To confirm, whether dopant having higher ionic size than that of host Ti 4+ ion, would induce phase transformation from anatase to rutile, Pd 2+ were substituted for Ti 4+ in TiO 2 in the range of 0.02-0.5% using PdCl 2 as a source for doping Pd 2+ . In contrast to Mn 2+ -TiO 2 , we obtained mixed phase of anatase and rutile for Pd 2+ -TiO 2 at a concentration of 0.5% (Fig. 4) . The rutile fraction disappeared and PdO phase nucleated at higher dopant concentration. These results suggested that dispersed PdO particles on the anatase phase (which could not be detected by XRD) inhibited the rutile phase formation at higher dopant concentration. The significant growth of PdO phase diminished rutile phase in the samples, which reflects that dopant solubility in the TiO 2 matrix critically influences the phase transformation. Similar reports were also made by Chen et al.
[63b], regarding the phase transformation of sol-gel TiO 2 doped with K + ions. Phase transformation from anatase to rutile was achieved at 1123 and 1273 K for bare TiO 2 and K + (4.6 mol%) doped TiO 2 sample. However, for a higher K + concentration, anatase and rutile phase became insignificant due to the formation of K 4−4x Ti x O 2 complexes.
DRS studies
The change in the electronic properties of TiO 2 upon doping with different metal ions was investigated using DRS technique. TiO 2 has strong absorption edge tailing at ∼380 nm attributed to the band to band transition from O 2p level to Ti 3d level. The origin of visible spectra in the case of M n+ -TiO 2 is due to the formation of localized electronic states of the dopant within the band gap states of pristine TiO 2 . The introduction of such electronic energy levels within the band gap states induces the red shift in the band gap transition and the visible light absorption through a charge transfer between energy level of dopant and band gap states of TiO 2 or by d-d transition in the crystal field. The DRS spectra reveals that undoped TiO 2 has no significant absorption band edge in the visible region, while all the doped samples exhibited marked increase in the band gap absorption at a dopant concentration of 0.06 at.%, excluding Ni 2+ which showed large red shift in the band gap absorption at 0.08 at.% (Table 1 and Fig. 5 ). The sequence of reducing the band gap excitation energy in the doped samples among the various dopants followed the order: Os 3+ ∼Ru 3+ > Fe 3+ ∼Ni 2+ > Zn 2+ ∼Mn 2+ ∼V 5+ (Table 1) 4d and 5d electronic level, respectively). This finding illustrates that the inverse electronegativity of the substituted dopant can be a semiquantitative measure for tailoring the band gap energy of TiO 2 in the present study (Fig. 6) 
Degradation studies of IC/NP under UV/solar light
Degradation of IC is insignificant in the absence of TiO 2 and no degradation occurs in the absence of light when TiO 2 is present. Thus the decrease in the concentration of dye molecules arises from the photocatalytic activity of excited semiconductor. A series of experiments were performed and the photocatalyst dosage was optimized at 300 mg and dye concentration was optimized at 100 ppm for IC. Table 1 shows the percentage degradation of IC catalyzed by various photocatalysts under UV/solar irradiation. An initial 38% and 7% decrease in the concentration of IC was observed under UV and solar illumination respectively with bare TiO 2 . The degradation was stronger at acidic pH 4.5 and was found to decrease with increase in pH of the solution. The point of zero charge (pzc) of TiO 2 is widely reported to be as pH ∼6.25. Thus surface charge density remains positive below pzc, while remains negative above it. The negatively charged sulfonate group drives the IC molecule to get strongly adsorbed on the TiO 2 surface at acidic pH 4.5 (Fig. 7) . The stronger preadsorption of pollutant molecule enhances the degradation rate due to efficient charge transfer between the photocatalyst surface and the dye molecule. Under alkaline conditions, surface charge remains negative which exert columbic repulsion for the dye molecules resisting its adsorption, which obviously results in lower activity. Hence all the photocatalytic experiments were performed at pH 4.5. Dyes can be degraded under visible irradiation via two competitive processes: photocatalytic processes and self photo sensitized process. Thus it is very difficult to differentiate the degradation mechanism and also the photocatalyst efficiency. Hence to exclude the effect of selfphotosensitzation and confirm whether prepared photocatalysts is photoactive under solar light illumination, we evaluated the photocatalytic activity for the degradation of 20 ppm NP under UV/solar light (Fig. 8) . The degradation of NP under solar light with TiO 2 is almost negligible since it cannot be activated under visible light due to its large band gap, while the metal ion doped catalysts showed higher activity compared to undoped titania. To quantitatively understand the reaction kinetics of pollutant degradation, we analyzed the degradation data with the pseudo-first-order kinetic model, which is generally used for the photocatalytic degradation, if the initial concentration of the pollutant is low:
where C 0 and C are the concentration of the dye in solution at time 0 and t, respectively and k is the pseudo-first-order rate constant. The rate constant calculated from the data are plotted and shown in Fig. 8 and the results are summarized in A general photochemical charge trapping, recombination, detrapping and migration mechanism in the presence of metal ion dopants can be proposed as follows [15] :
Charge carrier generation:
Charge trapping:
Charge release and migration:
Recombination:
Interfacial charge transfer process:
M n+ is metal ion dopant, O is an electron acceptor (oxidant) and R is an electron donor (reductant).
The dopant inside the TiO 2 matrix determines the formation of permanent space charge region whose potential drives the electron-hole separation and consequently results in the charge transfer from -O-Ti 4+ to -• O-Ti 4+ . M n+ -TiO 2 (M n+ = Mn 2+ , Fe 3+ , Ru 3+ and Os 3+ ) photocatalysts showed significant enhancement in the degradation rate for both the substrates, while photoactivity of V 5+ -TiO 2 , Ni 2+ -TiO 2 and Zn 2+ -TiO 2 were found to be less or almost equal to TiO 2 under UV light. Since the photocatalysts were excited under equal absorption conditions, the lower or almost equal reactivity of V 5+ -TiO 2 , Ni 2+ -TiO 2 and Zn 2+ -TiO 2 compared to TiO 2 can only originate from the electronic structure of doped samples. The trapped charge carriers in the localized level of dopant can react with free charge carriers resulting in recombination; the free hole can recombine with trapped electron or a free electron can recombine with trapped hole which can significantly nullify the dopant effects. All the metal ion doped titania showed maximum activity at a dopant concentration of 0.06 at.% excluding for Ni 2+ -TiO 2 , which showed enhanced activity at a dopant concentration of 0.08 at.%, which suggests that relatively small amounts of dopant inside the TiO 2 matrix can act as a electron or hole trapping site and inhibits the recombination of charge carriers and prolongs their lifetime. Pleskov reported that the value of space charge region potential for the effective separation of photogenerated charge carriers must not be lower than 0.2 eV [65] . On the other hand, the thickness of space charge layer is influenced by the dopant concentration according to the following Eq. (20)
where 'W' is the thickness of space charge layer, ε and ε 0 are the static dielectric constants of the semiconductor and of the vaccum, V s is the surface potential, N d is the number of dopant donor atoms, e is the electronic charge. The above equation clearly shows that W decreases as the dopant content increases [66] . In addition, penetration depth l, of the light into the solid is given by l = 1/a, in which 'a' is the light absorption coefficient at a given wavelength. When the value of W approximates that of l, all the photons absorbed generates electron-hole pairs that are efficiently separated. Consequently, it is understandable that the existence of optimum value of N d for which a space charge region exist whose potential is not less than 0.2 eV and whose thickness is more or les equal to light penetration depth [66] . In the present case, optimum value of N d approximates to that of 0.08 at.% for Ni 2+ and 0.06 at.% for other metal ions in the TiO 2 lattice. For higher dopant concentration (0.1 at.%), the space charge region may become narrow and the penetration depth of light into TiO 2 greatly exceeds the thickness of the space charge layer. The charge carriers thus generated are field free and hence recombine rapidly. Also, the high concentration of the dopants can steadily become the recombination sites for the charge carriers evidently decreasing the photocatalytic activity. Irrespective of excitation source and nature of substrate chosen, photocatalytic activities of for various doped photocatalysts followed the order: Mn 2+ -TiO 2 > Fe 3+ -TiO 2 > Ru 3+ -TiO 2 ≥ Os 3+ -TiO 2 > Zn 2+ -TiO 2 > V 5+ -TiO 2 > Ni 2+ -TiO 2 at an optimum dopant concentration in the TiO 2 matrix ( Table 2 ). The transition metal ion dopant within the TiO 2 matrix can intrinsically alter the electronic structure and consequently the absorbance, redox potential and charge-carrier mobility of the semiconductor photocatalyst. Many parameters affects the reactivity of a photocatalytic system such as electronic properties of the semiconductor (band gap absorption, relative position of valence and conduction band edges, position of dopant electronic level), separation efficiency of photogenerated charge carriers, light absorption coefficient, nature of interface, dopant electronic configuration and physical variables like surface area, crystallite size, surface structure, dopant concentration, and on the surface morphology etc.
Wold et al. found a relationship between the surface acidity of WO 3 /TiO 2 and MoO 3 /TiO 2 and their relative photo efficiencies [67] . For these systems, the increase in the surface acidity was directly proportional to the amount of higher valent transition metal ion. In the line of these arguments, V 5+ -TiO 2 samples is expected to possess higher surface acidity than other photocatalysts. V 5+ -TiO 2 showed higher adsorptive capacity for IC owing to its higher surface acidity, yet resulted in lower activity ( Table 3 ). The high adsorption of pollutants although proved to enhance photocatalytic activity [52] , was not a beneficial factor in the present study. Another possible explanation is that the higher amount of pollutant adsorption can prevent the photoexcitation of semiconductor itself and it can also serve as inner filter which can prevent the photons reaching the catalyst surface reducing the concentration of free radicals in the solution.
It is well known that the photoreactivity also depends on the concentration of surface adsorbed water molecules and hydroxyl anions on the titania surface. Since the dopants excluding V 5+ , were lower valent than the host Ti 4+ ions, decrease in the concentration of surface adsorbed water molecules were observed, although the bands were slightly broadened due to the smaller crystallite size of the samples [68] . V 5+ -TiO 2 samples, showed no significant reduction in the crystallite size of the samples, but there was drastic increase in the concentration of surface adsorbed water molecules as confirmed FTIR analysis. The dopant V 5+ being hypervalent than the host Ti 4+ , it attracts additionally one hydroxyl anions for charge compensation [69] . However, concentration of adsorbed water molecules as measured by FTIR spectroscopy for all the photocatalysts did not have any relationship on the photocatalytic activity in the present study. In any photocatalytic processes, the surface adsorbed water and hydroxyl groups can only be the potential sites to trap the holes on the surface, but the final hole transfer to surface adsorbed species critically needs favorable surface structure. Hence we speculate that the lack of surface structure in V 5+ -TiO 2 samples resulted in lower activity.
The surface area for most of the doped samples was higher than Mn 2+ -TiO 2 doped samples. Larger surface area may be an important factor for the photocatalytic degradation reactions, as large amount of pollutant can be adsorbed promoting the interfacial charge transfer rate. However the photocatalysts with larger surface area is usually associated with large amount of crystalline defects favoring the recombination of electron-hole pairs leading to low photocatalytic activity. Hence larger surface area is a requirement but cannot be a decisive factor in many cases [70] .
Although the metal ion doped titanates enhanced the intensity of fundamental absorption edge of TiO 2 and extended its band gap absorption to the visible region, there exists no direct correlation between either of two on photocatalytic activity. Fe 3+ -TiO 2 , Ru 3+ -TiO 2 , Os 3+ -TiO 2 and Ni 2+ -TiO 2 doped samples showed large shift in the band gap absorption compared to Mn 2+ -TiO 2 but resulted in lower photocatalytic activity. It is commonly accepted that narrower band gap corresponds to less powerful redox ability, since the photocatalytic system can be assumed to be an electrochemical cell, the large decrease in the band gap results in lower oxidation-reduction potential based on the Eq. (21)
G is the free energy change of the redox process occurring in the system, n is the number of electrons involved in the redox process, F is the Faraday constant and E represents the band gap energy of the semiconductor. This indicates that the large band gap narrowing in 3+ and Ni 2+ forms a mid bandgap states which can serve as both electron and hole traps, while dopants Mn 2+ , V 5+ and Zn 2+ serve predominantly as electron traps as their localized electronic level is just below the conduction band edge. Also, the chances of holes reaching the localized electronic level of these dopants are too less, since they can be trapped by hydroxyl anions or pollutant molecules adsorbed on the surface before they can reach the dopant level. Since V 5+ has vacant 'd' orbital, its probability to serve as hole trap will be minimum, while Zn 2+ has completely filled 'd' orbitals, its role as an electron trap will be negligible. Hence it can be speculated that V 5+ and Zn 2+ can serve mainly as electron and hole trap respectively. The dopants should serve as both electron and hole traps to be highly photoactive. Trapping either an electron or hole alone is ineffective because the immobilized charge species quickly recombines with its mobile counterpart [15] .
Mn 2+ and Fe 3+ , Ru 3+ , Os 3+ has valence electronic configuration of 3d 5 , 4d 5 and 5d 5 , respectively. When these dopant ions trap electron/hole, there will be considerable loss of spin energy due to the change in electronic configuration from d 5 (half filled high spin) to low spin d 6 /d 4 (electron/hole trap). According to crystal field theory, since both the spin states are highly unstable, the trapped electron/hole will be transferred to surface adsorbed oxygen/surface adsorbed water molecules or hydroxyl groups to restore its spin energy thereby suppressing the recombination reaction (Fig. 10) . According to the literature, Fe 3+ and Mn 2+ have feasibility of serving as effective charge carrier traps [15,17,53,61a] . Even though, Mn 2+ and Zn 2+ has similar oxidation state, almost identical band gap absorption and stable electronic structures, their influence on photocatalytic activity was substantially different.
Since most of the doped photocatalysts showed only anatase phase, their efficiency for the degradation of IC and NP were different under UV/solar light over the entire range of dopant concentration. The enhanced activity of Mn 2+ -TiO 2 , Fe 3+ -TiO 2 , Ru 3+ -TiO 2 and Os 3+ -TiO 2 samples compared to others can be critically attributed to stable unique half filled electronic configuration of these dopants, which is in accordance with previous reports [15, 17, [52] [53] [54] . However, at a dopant concentration of 0.02 at.%, only Mn 2+ -TiO 2 samples showed enhanced activity compared to Fe 3+ -TiO 2 , Ru 3+ -TiO 2 and Os 3+ -TiO 2 samples, despite the fact that all the photocatalyst exhibited anatase phase and all the dopants had half filled electronic configuration. Murakami et al. [16] , studied the photocatalytic activity of TiO 2 modified by Fe 3+ , Cu 2+ , Ni 2+ and Cr 3+ ions for the oxidation of acetaldehyde. The order of activity was found to be Fe 3+ > Cu 2+ > Ni 2+ > Cr 3+ which was well in agreement with their standard positive reduction potentials. Accordingly, Fe 3+ served as better electron acceptor owing to its higher positive reduction potential which resulted in the high photocatalytic activity for Fe 3+ -TiO 2 sample. Similar trend was also observed even in the present research work. The standard redox potential for Mn 2+ /Mn 3+ , Fe 3+ /Fe 2+ , Ru 3+ /Ru 2+ and Os 2+ /Os 3+ redox pairs are 1.56, 0.77, 0.24 and 0.26 V, respectively [72] [73] [74] . Hence it can be concluded that Mn 2+ serves as efficient charge carrier traps for the photogenerated charge carriers compared to Fe 3+ , Ru 3+ and Os 3+ ions, although all these dopants possess half filled electronic structure. The reduction potential of V 5+ /V 4+ , Ni 2+ /Ni and Zn 2+ /Zn are 0.06, −0.24 and −0.76 V, respectively [75, 16] . But the photocatalytic activity followed the order Zn 2+ -TiO 2 > V 5+ -TiO 2 > Ni 2+ -TiO 2 , which was not in agreement with the works of Murakami et al. [16] . In our previous research work [57a] , we showed enhanced activity of Zn 2+ -TiO 2 compared to V 5+ -TiO 2 due to the stable filled electronic configuration of Zn 2+ ion and also to smaller crystallite size of the Zn 2+ -TiO 2 samples compared to V 5+ -TiO 2 . Volume recombination of charge carrier prevails over interfacial charge transfer processes in the large crystallites of V 5+ -TiO 2 compared to other doped samples [57a] . The lowest activity of Ni 2+ -TiO 2 compared to other doped catalysts may be probably due to deleterious bulk recombination of charge carriers due to the dopant level acting as recombination centers and the induced localized states may not be optimal to facilitate photooxidation reactions. Another plausible speculation is that the Ni 2+ with partially filled electronic configuration might result in deep trap of the charge carriers rather than the shallow traps, consequently resulting in decreased activity.
At this stage, we would like to emphasize that the general consideration made so far according to the available literature is not sufficient to predict a good dopant. However, an attempt is made to find a new set of parameters that can critically influence the photocatalytic activity. These findings suggests that crucial parameters like large surface area, smaller crystallite size, narrow band gap, higher amount of pollutant adsorption, anatase phase, unique half filled electronic structure of the dopant which was found to influence the photocatalytic activity could not be correlated with enhanced activity of Mn 2+ (0.06 at.%)-TiO 2 . Hence it is suggested that the photocatalytic activity of metal ion doped titania is a complex function of several physicochemical-electronic properties.
The high photocatalytic activity of Mn 2+ (0.06 at.%)-TiO 2 was attributed to synergistic effect in the bicrystalline framework of anatase and rutile. It is well known that TiO 2 with bicrystalline framework of anatase-rutile or rutile-brookite or anatase-brookite can effectively reduce the recombination of photogenerated charge carriers and thereby enhances the photocatalytic activity . It is commonly accepted that anatase polymorph exhibits superior activity compared to rutile polymorph. The different behavior of rutile and anatase were initially attributed to difference in the position of conduction band (more positive for rutile with respect to NHE). Anatase has inherent surface band bending that is spontaneously formed in deeper region with steeper potential in comparison with rutile. In anatase, surface hole trapping dominates because the spatial charge separation is achieved by the migration of photogenerated holes towards the particle surface due to strong upward band bending. In rutile, bulk generated charge carriers prevail since only the holes sufficiently close to the surface migrate before recombination [115] . However, in the mixed phase, one of the phase sensitizes the photoinduced electron transfer to the other phase depending on the relative position of conduction and valence band edges. Thus solid-solid interface between the two phases is a key structural feature that facilitates charge separation to suppress recombination which may be due to the locus of defect sites acting as catalytic hot spots. Compared to pure phases, the mixed phase TiO 2 materials have unique charge transfer and recombina- tion dynamics, fast diffusion of charge carriers to the surface or interface that accelerates the interfacial charge transfer processes [115] . Serpone et al. suggested that trapped charge carriers dictates the redox reactions rather than free charge carriers as they undergo recombination much faster than the trapped ones [116] . Hence the fate of hydroxyl radical generation which is critical for degradation reactions depends on the interfacial charge transfer mechanisms. The bicrystalline framework with high intimate contact in Mn 2+ -TiO 2 sample along with unique half filled electronic configuration of Mn 2+ and high standard reduction potential of Mn 2+ /Mn 3+ pairs accelerates the interfacial charge transfer process leading to the enhanced generation of hydroxyl radicals under UV/solar light, which obviously results in higher reaction rates. In the mixed-phase of anatase and rutile, photogenerated hole and electron preferentially gets trapped on O − and Ti 3+ centers of the rutile phase, even when anatase is the main component [117] . Under UV excitation, anatase in the mixed phase gets activated as it is a good absorber of UV light photons (Fig. 11a) . This indicates that electron transfer occurs from the higher energy conduction band states of anatase to those of rutile at lower energy and simultaneously hole transfer occurs from the lower energy valence band states of anatase to those of rutile at higher energy. Thus rutile serves as passive electron sink hindering the recombination in anatase phase [118] . Subsequent electron transfer from rutile trapping site to the impurity level further favors the charge separation [119] , which accounts for superior activity of Mn 2+ (0.06 at.%)-TiO 2 .
The band gap of rutile is favorable for visible light excitation as the conduction band edge of rutile lies 0.2 eV below the conduction band edge of anatase. Under visible light excitation, the photogenerated electron from conduction band of rutile transfers to trapping sites of anatase phase which can be considered as antenna effect by rutile phase [120] . Subsequent electron transfer to lattice trapping sites of anatase or to localized level of dopant further separates the charge carriers effectively (Fig. 11b) . The lattice trapping sites of anatase has energy of 0.8 eV less than the anatase conduction band edge [121] . Thus by competing with the recombination, the charge separation activates the photocatalyst and the hole originating from the rutile valence band participates in the oxidative degradation of organic pollutants.
In order for such a vectorial interparticle electron transfer to be possible, the two crystalline polymorphs must be in close contact. The intimate contact between the two polymorphs depends on their crystallite size. Hong et al. reported that iodine-doped titania with mixed phases of anatase and rutile showed lower activity compared to iodine-doped anatase titania [122] . The low activity was due to the large rutile crystal size which resulted in poor intimate contact between these two phases which failed to demonstrate its structure advantage. Mixed phase of anatase and rutile were also obtained by doping Fe 3+ , Cr 3+ and Co 2+ into TiO 2 matrix prepared by sol-gel route in the presence of surfactant which showed lower activity compared to pure TiO 2 [123] . However, the authors suggested that only Co 2+ induces phase transformation from anatase to rutile, while mixed phase in Fe 3+ and Cr 3+ doped TiO 2 photocatalysts is due to loss of crystallinity. In the present case, Mn 2+ ion induces phase transformation from anatase to rutile without the formation of any secondary oxides, which accounts for the difference in photoreactivity of doped samples with mixed phases compared to other research groups. Hence it is crucial to maintain the crystallite size of both the polymorphs for intimate contact, which enables the mixed phase for efficient charge transfer. Since the crystallite size of both the phases are same in Mn 2+ (0.06 at.%)-TiO 2 , it can be speculated that both anatase and rutile polymorph are in intimate contact. According to Gray's results, such an interfacial mixed polymorph structure would contain a surplus amount of tetrahedral Ti 4+ sites which can act as reactive electron-trapping sites [124] . The isolated tetrahedral Ti 4+ sites are more active than octahedrally coordinated Ti 4+ sites as in bulk TiO 2 . These tetrahedral Ti 4+ sites could serve as catalytic hot spots at anatase/rutile interface and thus avails the mixed polymorph nanocrystals into an effective photocatalytic relay for solar energy utilization [124] . Hence we believe that these tetrahedral Ti 4+ sites contribute to the increased activity of the mixed phase relative to the pure anatase phase. The small crystallite size in Mn 2+ (0.06 at.%)-TiO 2 sample reduces the diffusion path length for the charge carriers, from the site where they are photoproduced to the site where they react. Reduction in this diffusion path length results in reduced recombination of charge carriers resulting in enhanced interfacial charge transfer process. Therefore such an intimate contact between the mixed polymorph with smaller crystallite will have a core of rutile crystallites interwoven with bound anatase crystallites, thus accelerating the transfer of electrons from rutile to neighbouring anatase sites or to the impurity level created by the dopant.
At dopant concentration around 0.1 at.%, the crystallite size for both the phases is found to be 16.6 nm in Mn 2+ -TiO 2 sample. Most of the charge carriers in these crystallites are generated sufficiently close to the surface. As a result, the photogenerated charge carriers may quickly reach the surface resulting in faster surface recombination reaction. This is also due to the excess trapping sites in the sample and the lack of driving force to separate these charge carriers. In the photocatalyst with smaller crystallite size, surface charge carrier recombination outweighs the interfacial charge transfer process. Since Mn 2+ serves as trapping site for both electron and hole, the possibilities of trapping these charge carriers will be high at higher dopant concentration and this trapped charge carrier pair may recombine through quantum tunneling. Moreover, at a high dopant concentration, the charge carriers may be trapped more than once on its way to the surface so that their mobility becomes extremely low and undergoes recombination before it can reach the surface [125] . Therefore there is a need for optimal dopant concentration in the TiO 2 matrix to get effective crystallite size for highest photocatalytic efficiency. Beyond the optimum dopant concentration, the rate of recombination starts dominating the reaction in accordance with the Eq. (22)
where K RR is the rate of recombination, R is the distance separating the electron and hole pairs, a 0 is the hydrogenic radius of the wave function for the charge carrier. As a consequence the recombination rate increases exponentially with the dopant concentration because the average distance between the trap sites decreases with increasing number of dopant confined within a particle [15, 126] . The similar line of reasoning holds well towards the lower activity for other doped samples at high dopant concentration (≥0.1 at.%). The existence of optimum rutile fraction to enhance the activity of mixed phase was recently explained using a new model based on band gap configuration in the connected nanocrystallite as a function of size distribution and phases involved by Zachariah et al. [105] . It is assumed that the nanocrystalline anatase TiO 2 is made up of broad nanocrystalline size distribution and the band gap of anatase TiO 2 increases below the critical size. Hence, if the nanoparticle distribution is below the critical size, then the band gap of connected nanocrystallite would be different depending on their size. In the light of this model, we would speculate that the electronic interaction between the anatase and rutile leads to spatial charge separation, while the nanocrystallite located at the centre would serve as both sink and source for hole and the localized band of Mn 2+ within the TiO 2 matrix would serve as charge carrier trap, which would obviously lead to enhanced activity. With increase in rutile fraction in the mixed phase, more number of contacts would be established between rutile-rutile crystallite having identical band gap, leading to the decrease in photocatalytic activity [105] .
We have also prepared mixed phase of anatase and rutile by physically grinding the pure anatase and rutile in the ratio 90:10 and also by simple hydration-dehydration cycle. The rutile crystallite was ∼40 nm obtained by calcining the sample at 700 • C. However, the interface obtained by the physical mixing of anatase and rutile phase powders resulted in very poor activity compared to pure anatase TiO 2 itself (data not shown). The interface obtained by random collisions and also the large particle size of rutile resulted in poor charge transfer between the mixed phases. The mixed phase powders prepared by hydration-dehydration cycle showed considerably enhanced activity relative to pure phases suggesting that electronic interaction and the intimate contact between the mixed phases is crucial to show synergy. However, the activity was still lower compared to Mn 2+ (0.06 at.%)-TiO 2 indicating that dopant Mn 2+ inside TiO 2 matrix additionally contributed to overall efficiency. These results suggests that chemical contact between heterophases prepared by in situ via calcination in the present study had steadier and tighter interfaces to enhance charge transfer and also avoids self agglomeration of two polymorphs.
In any case, it is vital that the existence of synergistic effect between the mixed polymorphs is not universal [127] , and there exist an optimum value for both the phases to show enhanced activity. In the present case, optimum value of anatase:rutile ratio is 90:10. The optimum rutile fraction in the mixed phase to enhance the photocatalytic activity as reported by several research groups is shown in Table 4 . The present research probably report the lower rutile fraction in the mixed phase to show the enhance activity, which is even lower than the benchmark photocatalyst Degussa P25. The expansion in the crystal matrix due to Mn 2+ doping induces oxygen vacancies in the neighboring co-ordination sphere, which generates shallow energy states at the bottom of the conduction band and served as electron trap site in nanocrystalline TiO 2 [128] .
Meanwhile, shallow energy states introduced by metal ion at the top of valence band served as hole trap sites [129] . The separation of the charge carriers is attributed to such trapping. Subsequently, 18 [113] the charge carriers get transferred to the surface of photocatalyst and participate in the redox reactions. Thus the distortion induced by Mn 2+ doping in TiO 2 lattice gives higher surface energy than pure TiO 2 which effectively reduces the recombination between electron-hole pairs, enhancing the interfacial energy transfer process. In conclusion, the order of reactivity of the various transition metal ion doped titania for the degradation of IC/NP are satisfactorily explained based on the obtained results and more intensive study is needed in order to depict the exact role of dopant inside TiO 2 matrix. The photocatalytic activity of the doped titania is a complex function of several physicochemical-optical parameters and it is rather difficult to assess individual contribution from each one of them. Although intense research is devoted to metal ion doped TiO 2 , it is rather difficult to make unified decision and the role of dopant inside the TiO 2 matrix still remains elusive.
Conclusion
In order to provide a deep insight on the influence of physicochemical-electronic properties of semiconductor photocatalyst on photocatalytic activity, anatase TiO 2 was doped with several transition metal ions like V 5+ , Mn 2+ , Fe 3+ , Ru 3+ , Os 3+ , Ni 2+ and Zn 2+ having vacant, half, partially and completely filled 'd' orbital. All the dopants stabilized anatase phase, excluding Mn 2+ which promoted the phase transformation from anatase to rutile when the samples calcined at 550 • C. The photocatalytic activities of these photocatalysts were evaluated for the degradation of IC and NP under UV/solar light. The experimental results suggest that crucial parameters like large surface area, smaller crystallite size, narrow band gap, higher amount of pollutant adsorption, anatase phase, unique half filled electronic structure of the dopant which was found to influence the photocatalytic activity according to the literature, could not be correlated with enhanced activity of Mn 2+ (0.06 at.%)-TiO 2 . The enhanced activity of Mn 2+ (0.06 at.%)-TiO 2 was thus attributed to the combined effects of (i) synergistic effects in the bicrstalline framework of anatase and rutile which involves vectorial interparticle electron transfer; (ii) high positive reduction potential of Mn 2+ /Mn 3+ pairs; (iii) optimum rutile content with high intimate contact between the crystallites of the mixed phases; (iii) Favorable surface structure with high lattice and surface energy which transfer the hole to surface adsorbed water or hydroxyl groups; (iv) induced oxygen vacancies which form a shallow energy states at the bottom of the conduction band acting as reactive electron trapping site.
